Pr4Ni3O8 is an overdoped analog of hole-doped layered cuprates. Here we show via ab initio calculations that Ce-doped Pr4Ni3O8 (Pr3CeNi3O8) has the same electronic structure as the antiferromagnetic insulating phase of parent cuprates. We find that substantial Ce-doping should be thermodynamically stable and that other 4+ cations would yield a similar antiferromagnetic insulating state, arguing this configuration is robust for layered nickelates of low enough valence. The analogies with cuprates at different d fillings suggest that intermediate Ce-doping concentrations near 1/8 should be an appropriate place to search for superconductivity in these low-valence Ni oxides.
Pr4Ni3O8 is an overdoped analog of hole-doped layered cuprates. Here we show via ab initio calculations that Ce-doped Pr4Ni3O8 (Pr3CeNi3O8) has the same electronic structure as the antiferromagnetic insulating phase of parent cuprates. We find that substantial Ce-doping should be thermodynamically stable and that other 4+ cations would yield a similar antiferromagnetic insulating state, arguing this configuration is robust for layered nickelates of low enough valence. The analogies with cuprates at different d fillings suggest that intermediate Ce-doping concentrations near 1/8 should be an appropriate place to search for superconductivity in these low-valence Ni oxides.
Cuprate-like electronic structures have been pursued in other oxides since soon after high temperature superconductors were discovered.
1-4 Cuprates are layered materials with an underlying CuO 2 square lattice. The parent compounds (Cu 2+ : d 9 , S= 1/2) have d x 2 −y 2 as the active orbitals, with strong antiferromagnetic correlations, as well as a substantial hybridization of Cu-d and O-p states. Upon doping the CuO 2 planes away from a stoichiometric Cu 2+ oxidation state, the antiferromagnetic state is suppressed, then superconductivity appears, and at higher dopings a Fermi liquid phase arises.
2
A schematic phase diagram with respect to filling of the d levels for hole doping is shown in Fig. 1 .
Given the proximity of Ni and Cu in the periodic table, an interesting conjecture is whether these phenomena could also occur in nickelates, since if so, this could tell us a lot about the nature of high temperature superconductivity. LaNiO 3 -based heterostructures 5, 6 and doped single layer nickelates (La 2−x Sr x NiO 4 ) 7, 8 have been intensively studied, but the challenge is finding a nickelate that has a similar electron count (Ni 1+ and Cu 2+ being iso- Fig.1 ).
Our electronic structure calculations were performed within density functional theory using the all-electron, full potential code wien2k based on the augmented plane wave plus local orbitals (APW+lo) basis set. 20, 21 For the structural relaxations we have used the Perdew-Burke-Ernzerhof version of the generalized gradient approximation (GGA). 22 Volume and c/a optimizations, as well as a full relaxation of all the internal atomic coordinates, were carried out. To deal with strong correlation effects, we apply the LDA+U scheme that incorporates an onsite Coulomb repulsion U and Hund's rule coupling strength J H . 23 We use typical values: U = 5 eV for Ni-3d, U = 8 eV for Pr-4f , and U = 5 eV for Ce4f . J H has been set to 0.7 eV for Ni-d and 1 eV for Pr and Ce-f . Experience with the cuprates and other transition metal oxides shows LDA+U to be a reliable method to predict the electronic structure. For example, the antiferromagnetic insulating state of the stoichiometric cuprates is correctly reproduced.
24-26
Pr438 crystallizes in a tetragonal unit cell, 17 with space group I4/mmm (no. 139) and lattice parameters a= 3.9347Å, c= 25.4850Å. The structure, pictured in Fig. 2 infinite-layer compound LaNiO 2 is difficult and because of these materials issues, it is unclear whether an insulating state is achieved.
27-29 LDA+U calculations give a stable solution with antiferromagnetic ordering of S=1/2 ions, 19 but experimentally there is no evidence for long range order. In principle, the on-site energy difference between the p and d levels is smaller for Cu 2+ than for Ni 1+ , favoring larger hybridizations in the former. However, we will see that substantial oxygen hybridization can occur for the layered nickelates studied here.
In Pr438 there are two different Pr sites: Pr1 within the NiO 2 trilayer and Pr2 within the fluorite blocks that separate NiO 2 trilayers (see Fig. 2 ). Both types of substitutions were tried, giving rise to a very similar outcome for the electronic structure (which will be described in detail below). Concerning the most appropriate 4+ dopant atom, Ce is the most obvious choice given its proximity to Pr in the periodic table and because Ce-doping has been realized in T -cuprates giving rise to electron-doped phases. For instance, T -Pr 2−x Ce x CuO 4 shows su- 
33,34
To test the possibility of in-plane checkerboard magnetic (AFM) ordering in Pr 3 CeNi 3 O 8 , a √ 2a × √ 2a × c cell was used. After the substitution of Pr by Ce in a 3:1 ratio, the optimized volume results in a reduction with respect to that of Pr438 of 1 to 2 % (see Fig. 2 ) -the ionic radius of Ce 4+ in an 8-fold coordination is 0.97Å vs the ionic radius of Pr 3+ of 1.13Å, so a decrease in lat- tice constants can be anticipated. 35 Small distortions of the Ni-O and Pr/Ce-O distances take place after structural relaxation as shown in Table I . Cesubstitution within the F block is energetically favorable by 96 meV/unit cell with respect to substitution in the IL block. The standard enthalpy change ∆H can be obtained at T= 0 from the calculated total energies:
Within GGA, the band structure is metallic with an in-plane AFM coupling within the NiO 2 planes. Application of a Coulomb U to the Ni-d, Pr-f and Ce-f states is enough to open a gap of ∼0.6 eV for doping in the IL block and ∼0.3 eV in the F block (see Fig. 3 ). The gap is smaller for substitution in the F block due to the unoccupied Nid states from the outer planes being closer in energy to the Ce-f bands, leading to a level repulsion effect (see Fig. 4 ). The magnetic moments inside the Ni muffin-tin sphere are approximately ±0.9 µ B with checkerboard (AFM) ordering within the NiO 2 planes as well as between planes. All in all, our LDA+U band structure, shown in Fig. 3 , exhibits a correlated S=1/2 AFM insulator analog of the parent cuprate materials. Holes would hence go into the Ni-d band of x 2 − y 2 character that is highly hybridized with O-p states (see below). Calculations confirm that this state comprised of AFM-ordered Ni layers is more stable than a ferromagnetic one by a sizable 0.2 eV/Ni, implying a superexchange interaction comparable to that of cuprates.
In general, Ce can be trivalent as well as tetravalent. Using the same structural parameters and U values described above, as well as a checkerboard AFM configuration within the NiO 2 planes, a solution where Ce is 3+ was obtained. However, this state turns out be energetically unfavorable by 0.34 eV/unit cell with respect to that where Ce is tetravalent. The derived electronic structure is metallic with a magnetic moment of 1 µ B developing on Ce. An in-trimer charge ordered solution results with AFM ordering in the NiO 2 planes: Ni 1+ in the outer layers, and Ni 2+ (high spin) in the inner layers.
36
As can be observed in Fig. 4 , for Ce 4+ substitu- 2 − y 2 orbital point directly to the p orbital of the neighboring oxygen, forming a strong covalent bond with a large hopping integral t pd = 0.3 eV. The strong directionality of the bond can be observed for Pr 3 CeNi 3 O 8 in Fig. 5 . Let us recall that bond covalency sets the unusually high energy scale for the exchange interaction in cuprates. Small moments are induced on the oxygen ions as a consequence of hybridization along with low-site symmetry: µ O1 = -0.05 µ B (inner NiO 2 plane), µ O2 =-0.07 µ B (outer NiO 2 plane), µ O3 = -0.02 µ B (F block). Importantly, the Ce cation bonds with neighboring O ions (as implied in the DOS, clearly reflecting the hybridization between O-p and Ce-f states). Previous results show that Ce substitution in R 2 CuO 4 (R= Pr, Nd) enhances the phase stability given that tetravalent Ce has a firmer grip on surrounding O 2− ions by stronger electrostatic force than trivalent rare earth ions. 34, 37, 38 To check the robustness of the obtained electronic structure, Th substitution on the Pr site was also tried as well as smaller 4+ cations like Zr and Te. For Th substitution, the same type of calculations give rise to a smaller volume reduction of only 0.5-1% (the ionic radius of tetravalent Th 4+ in an 8-fold environment is 1.06Å, larger than that for Ce 4+ ).
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The electronic structure is very similar except for the f -states missing at the tail of the unoccupied Ni-d states (see Fig. 3 ) arguing that the derived insulating AFM state is robust in Pr 3 RNi 3 O 8 . Zr and Te are smaller ions 35 so substitution with these gives rise to bigger distortions in the structure. However, the main features of the electronic structure obtained for Th doping remain for both Zr and Te doping.
If the likelihood of promoting superconductivity in these layered nickelates is to be analyzed, the similarities with cuprates are important to characterize. The state we have obtained in Pr 3 CeNi 3 O 8 (for a Ni 1+ oxidation state) has insulating, AFM planar order in common with the cuprates, as well as obvious similarities in structure with common MO 2 (M= Ni, Cu) square lattice planes. Even though we are dealing with hypothetical structures, our calculations show that substantial Ce-doping should be thermodynamically stable and that several other 4+ cations would yield a very similar antiferromagnetic insulating solution, suggesting this configuration is robust in layered nickelates of low enough valence. Intermediate Ce-doping concentrations near 1/8 should be the appropriate place to search for superconductivity in these low-valence Ni oxides. Our results show that planar nickelates directly analogous to the high-T c superconducting cuprates are a realistic possibility, especially given their similar superexchange interaction.
